Background-Vascular responses to drug-eluting stents in ST-segment elevation myocardial infarction are unknown. In the prospective, multicenter Harmonizing Outcomes With Revascularization and Stents in Acute Myocardial Infarction (HORIZONS-AMI) trial, patients with ST-segment elevation myocardial infarction within 12 hours of symptom onset were randomized 3:1 to TAXUS EXPRESS paclitaxel-eluting stents (PES) or EXPRESS bare metal stents (BMS). Methods and Results-A formal intravascular ultrasound substudy enrolled 464 patients with baseline and 13-month follow-up imaging at 36 centers. Overall, 446 lesions in 402 patients were suitable for standard qualitative and quantitative analyses, which were performed at an independent blinded core laboratory. The primary prespecified end point was the in-stent percent net volume obstruction at follow-up. Median stent length measured 23.4 mm (first and third quartiles, 18.5 and 31.9 mm). PES compared with BMS significantly reduced 13-month percent net volume obstruction (6.5% [first and third quartiles, 2.2% and 10.8%] versus 15.6% [first and third quartiles, 7.2% and 28.8%]; PϽ0.0001). PES compared with BMS also resulted in more late-acquired stent malapposition (29.6% versus 7.9%; Pϭ0.0005) resulting from positive vessel remodeling. Plaque and/or thrombus protrusion through stent struts was initially present in 70.4% of PES and 64.8% of BMS; all resolved during follow-up. New aneurysm formation, stent fracture, and subclinical thrombus were uncommon, although seen only in PES.
enting Ͻ12 hours after symptom onset and undergoing primary PCI. 10 The 2 randomization arms consisted of the direct thrombin inhibitor bivalirudin alone versus heparin plus a glycoprotein IIb/IIIa inhibitor (1:1 randomization) and TAXUS EXPRESS paclitaxeleluting stents (PES) versus otherwise equivalent EXPRESS BMS (3:1 randomization). Among patients undergoing stent randomization, 13-month angiographic follow-up was prespecified for 1800 patients in whom the stent implantation procedure was successful (diameter stenosis Ͻ10% with Thrombolysis in Myocardial Infarction (TIMI) grade 3 flow with National Heart, Lung, and Blood Institute type A or less peri-stent dissection), in whom only study stents were implanted, and in whom neither stent thrombosis occurred nor bypass surgery was performed within 30 days. Among this cohort, a formal IVUS substudy was completed. IVUS sites were preselected on the basis of the their desire to participate in this substudy and their agreement to perform baseline (poststent) and follow-up IVUS on consecutive patients in the angiographic follow-up cohort until at least up 300 consecutive IVUS cases were completed.
Stent Arm
The details of the first randomization (pharmacology arm) have been previously reported. 10 After the first randomization and coronary angiography, eligibility for the second randomization (stent arm) was assessed. If TIMI grade 0/1 flow was present at baseline, the artery was predilated, and TIMI grade 2/3 flow was restored. Stent randomization angiographic inclusion criteria required the presence of Ն1 infarct artery (estimated reference diameter, 2.25 to 4.0 mm) in which all significant lesions could be treated with study stents. The principal exclusion criteria included bifurcation lesions requiring planned implantation of 2 stents, need for Ͼ100 mm of study stent length, infarct-related artery in an unprotected left main segment, significant multivessel disease or anatomic features indicating a high likelihood of bypass surgery within 30 days, unidentifiable culprit vessel or lesion, and the presence of a previous culprit lesion stent.
Quantitative and Qualitative Coronary Angiography
Coronary angiograms at baseline, immediately after PCI, and at follow-up were performed in at least 2 orthogonal views after intracoronary nitroglycerin. Angiograms were analyzed at the Angiographic Core Laboratory of the Cardiovascular Research Foundation (New York, NY) with the CMS-GFT algorithm (MEDIS, Leiden, the Netherlands). Minimum lumen diameter (MLD) and mean reference diameter (RD), obtained by averaging 5-mm segments proximal and distal to the target lesion location, were used to calculate diameter stenosis as follows: (1ϪMLD/RD)ϫ100. Late loss was the change in MLD from final PCI to follow-up. In-stent analysis was confined to the stent itself, and in-segment analysis included the stent plus 5-mm segments proximal and distal to the stent. Binary restenosis was defined as a Ն50% diameter stenosis. Qualitative analysis was done with standard published methods. 11
IVUS Imaging and Analysis
Allowable IVUS systems included iLab, Galaxy, and ClearView (all with Atlantis SR Pro, 40-MHz catheters; Boston Scientific, Fremont, Calif) or In Vision Gold with 20-MHz EagleEye catheters (Vocano Therapeutics, Rancho Cordova, Calif). IVUS imaging was performed with motorized pullback at 0.5 mm/s to include the stent and Ͼ5 mm segments proximal and distal to the stent. IVUS studies were archived onto super-VHS tape, CD-ROM, or DVD and sent to an independent, treatment-allocation-blinded, IVUS core laboratory (Cardiovascular Research Foundation) for quantitative and qualitative analyses with validated planimetry software (EchoPlaque, INDEC Systems, Inc, Mountain View, Calif).
Quantitative analysis included measurement every 1 mm of the external elastic membrane (EEM), stent, and lumen cross-sectional areas (CSAs). Plaque plus media CSA was calculated as EEM minus lumen. Neointimal hyperplasia (NIH) was calculated as stent minus lumen. 12 Once a complete set of CSA measurements was obtained, intrastent and stent-edge volumes (EEM, plaque plus media, stent, lumen, and NIH) were calculated with Simpson's rule and normalized for stent and reference segment length. Percent net volume obstruction was calculated as NIH divided by stent volume. Volumetric analysis was performed only for lesions in which motorized pullback was consistent and reliable, and planar analysis at minimum lumen area (MLA) and reference site was performed for all lesions except 8 (4 lesions at baseline and 4 lesions at follow-up in which Ն80% of the entire segment was imaged but MLA site was highly suspected as not imaged such as distal stent edge); these 8 lesions were used only for qualitative analysis.
Qualitative analysis included stent malapposition (blood speckle behind stent struts), categorized as persistent (visible both at baseline and follow-up), resolved (visible only at baseline), and late acquired (only visible at follow-up); intrastent plaque and/or thrombus protrusion (IVUS cannot reliably differentiate between plaque and thrombus protruding through stent struts); stent fracture (absence of struts over more than one third of the stent circumference); aneurysm (lumen Ͼ50% larger than the proximal reference); and edge dissection.
Statistical Analysis
The primary, prespecified IVUS end point was in-stent percent net volume obstruction in all patients with analyzable studies at followup. Assuming a percent net volume obstruction in the control arm of 29Ϯ15%, allowing for 20% attrition, and including 240 analyzable patients with 13-month IVUS follow-up (60 in the BMS control arm and 180 in the PES arm), the study had 80% power to detect a 6.3% absolute difference in percent net volume obstruction (ie, mean of 22.7Ϯ15%), representing a relative 22% reduction with PES. Categorical variables were compared with 2 statistics or the Fisher exact test. Continuous variables were compared with the Wilcoxon ranksum test and displayed as median and first and third quartiles. Baseline patient clinical characteristics were analyzed on the patient level, and angiographic and IVUS characteristics were analyzed on a per-lesion level. Clinical and angiographic features were well matched between groups (Tables 1 through 3 ). Median age was 60.5 years, and 78.9% were men. Preintervention angiographic thrombus was present in 71.4% of lesions. Postprocedure angiographic MLD was similar for PES and BMS. However, at 13 months, angiographic late lumen loss, diameter stenosis, and binary restenosis rates were significantly less with PES than BMS (Table 3 ).
Results

Between
Planar Quantitative IVUS Analysis
Postprocedural MLA was similar in PES and BMS and slightly smaller than the minimum stent area because of the presence of plaque and/or thrombus protrusion through stent struts in 69% of lesions (Table 4 ). Median stent expansion (minimum stent area compared with the average of proximal and distal reference lumen CSAs) was similar with PES (0.73; first and third quartiles, 0.63 and 0.85) and BMS (0.75; first and third quartiles, 0.67 and 0.87). MLA at follow-up was significantly larger in PES than BMS (5.8 mm 2 [first and third quartiles, 4.3 and 7.6 mm 2 ] versus 5.2 mm 2 [first and third quartiles, 3.5 and 6.7 mm 2 ]; Pϭ0.03) because of less NIH.
Volumetric Quantitative IVUS Analysis
At baseline, the measured length of PES was slightly greater than BMS; the 2 groups were otherwise well matched (Table 5) . At the 13-month follow-up, percent net volume obstruction was significantly less with PES than BMS (median, 6.5% [first and third quartiles, 2.2% and 10.8%] versus 15.6% [first and third quartiles, 7.2% and 28.8%]; mean, 7.9Ϯ7.4% versus 19.8Ϯ15.8%; both PϽ0.0001), resulting in larger luminal volume. There was an increase from baseline to follow-up in mean EEM CSA within the stented segment in PES (positive remodeling) but not in BMS. There were no differences in serial measures of the proximal reference segment dimensions adjacent to PES and BMS. However, in the distal reference segment, there was a decrease in mean EEM CSA with BMS (negative remodeling) but no change in mean EEM CSA adjacent to PES.
Qualitative IVUS Analysis
Postprocedural stent-vessel wall malapposition was present at a similar rate in both groups ( Table 6 ). During follow-up, the increase in mean EEM CSA after PES implantation (but not after BMS) resulted in more late-acquired stent-vessel wall malapposition with PES compared with BMS (29.6% versus 7.9%; Pϭ0.0005; the Figure) . As a result of the greater incidence of late-acquired malapposition, the overall rate of malapposition (persistent or acquired) at follow-up was 45.2% with PES compared with 23.9% with BMS (Pϭ0.002). However, maximum stent malapposition CSAs at baseline and follow-up were relatively small (median CSA, Ϸ1.5 mm 2 at both time periods with both stents; Table 6 ).
At follow-up, all occurrences of luminal plaque and/or thrombus protrusion noted at baseline immediately after stent 
Discussion
The main findings of the IVUS substudy from the HORIZONS-AMI trial, representing the largest such experience to date with DES in STEMI, are the following: (1) PES compared with BMS significantly reduced 13-month percent net volume obstruction and NIH; (2) PES had a higher incidence of late-acquired stent malapposition than BMS because of positive vessel remodeling; (3) plaque and/or thrombus protrusion through the stents struts immediately after stent implantation was present in approximately two thirds of cases (both PES and BMS), all of which resolved during follow-up; and (4) new aneurysm formation, stent fractures, and subclinical thrombus were uncommon, although seen only with PES. Previous STEMI trials have reported lower rates of target lesion revascularization with DES compared with BMS. 13 In HORIZONS-AMI, randomization to PES versus BMS reduced the 12-month rate of target lesion revascularization from 7.5% to 4.5% (Pϭ0.002). 14 The reduction in percent volume obstruction as a result of less NIH with PES compared with BMS as demonstrated by IVUS in the present study underlies this clinical benefit. In the recent AMI trial, serial IVUS evaluation in 208 patients showed significant NIH reduction with Cypher sirolimus-eluting stents (SES) compared with BMS (mean, 3.3Ϯ5.0% versus 27.0Ϯ11.0%; PϽ0.001). 9 The percent net volume obstruction for PEStreated lesions in the present study (median, 6.5%; mean, 7.9Ϯ7.4%) is slightly more than with SES in AMI but less than previously reported with PES from a pooled analysis of IVUS data from 292 non-STEMI lesions in the TAXUS IV, V, and VI trials (mean, 12.4Ϯ11.8%). 15 Autopsy studies of DES implanted into culprit lesions of STEMI patients have demonstrated more exposed stent struts and less NIH compared with target lesions in stable angina patients. 16 The present study supports the hypothesis that DES implantation in lesions responsible for STEMI results in a less vigorous healing response than in more stable plaques. Although no difference in stent thrombosis was present between PES and BMS at 1 year in the 3006 patients randomized in the HORIZONS-AMI trial, 14 ongoing follow-up will determine whether a very late stent thrombosis risk is present after PES implantation in STEMI.
Previous IVUS studies have documented late-acquired stent malapposition in Ϸ5% of BMS in non-STEMI patients, Ϸ5% to 15% of BMS in STEMI patients and DES in non-STEMI patients, and Ϸ25% to 30% of DES in STEMI patients. 9, 15, [17] [18] [19] [20] Late-acquired stent malapposition in STEMI has been reported in 25% of SES compared with 5% of BMS patients, with an incidence of any malapposition at follow-up (persistent or acquired) of 37.5% for SES compared with 12.5% for BMS. 9 The current analysis is consistent with these previous reports. Late-acquired stent malapposition is more common with all stent types after implantation in STEMI compared with stable angina lesions, but especially with DES.
Late-acquired stent malapposition is typically the result of positive vessel wall remodeling. [17] [18] [19] [20] Significant positive vessel remodeling during follow-up in the present study was present with PES but not BMS, contributing to the higher rate of late-acquired stent malapposition with PES. Thrombus resolution behind the stent struts may also contribute to late-acquired stent malapposition in STEMI after both BMS and DES.
A clinical association between persistent or late-acquired stent malapposition and subsequent thrombosis remains controversial. Cook et al 21 reported that 10 of 13 patients with very late stent thrombosis (mean, 1.7 years after stent implantation) had stent malapposition, with a malapposition area twice as large as in patients with malapposition without very late stent thrombosis (mean, 8.3 versus 4.0 mm 2 ). The maximum malapposition area in the present study was relatively small with both stents (median, 1.5 mm 2 ; meanϮSD, 2.3Ϯ2.5 mm 2 ); this may explain the lack of events in the present patient cohort with late stent malapposition. Longerterm follow-up is necessary to determine whether the frequent occurrence of late-acquired malapposition after stenting in STEMI (especially with DES) is of clinical concern.
In the present study, postprocedural plaque and/or thrombus protrusion through stent struts was detected in approximately two thirds of STEMI patients whether treated with PES or BMS. A previous IVUS study reported tissue protrusion in 27% of 310 acute infarct-related lesions, but only 40% had STEMI Ͻ24 hours from symptom onset. 22 Other studies in non-STEMI patients have reported a 17% to 23% incidence of tissue protrusion and an association between tissue protrusion and postprocedural creatine kinase-MB elevation but not subsequent NIH. 23, 24 In the present study, the high rate of plaque and/or thrombus protrusion with resolution during follow-up in all cases suggests that intraluminal thrombus was present in most. Nevertheless, because IVUS cannot reliably differentiate plaque and mural thrombus from neointima, we cannot exclude the possible contribution of persistent atheroma or thrombus protrusion to subsequent NIH. 25 Stent fracture is increasingly being recognized as a cause of DES failure, especially with SES. 26, 27 In a prior retrospective IVUS study of 17 non-STEMI patients with 20 stent strut fractures, 18 (90%) occurred in SES, 2 (10%) in BMS, but none in PES. 26 Of note, 5 of 20 stent fractures were accompanied by coronary aneurysm formation, and 2 were associated with very late stent thrombosis. Angiographic data from 3 prior PES trials in nonacute coronary syndromes revealed a 1.1% rate of stent fracture after PES implantation associated with restenosis and/or stent thrombosis. 27 The frequency and implications of stent fracture have not previously been reported in STEMI. In the present study, there were 6 EXPRESS PES fractures (2.7%) but no EXPRESS BMS fractures (a nonsignificant difference likely resulting from chance because the underlying stent architectures are identical), and none directly resulted in restenosis, thrombosis, and/or aneurysm formation. Additional studies are required to determine whether stent fractures are more common in the STEMI setting (with PES or other stent types) and to define the rate and pattern of clinical consequences. The present study demonstrated a comparable frequency of both postprocedural edge dissections and subsequent healing during follow-up with PES and BMS. The Diabetes and Sirolimus-Eluting Stent (DIABETES) study also reported similar rates of resolved and persistent edge dissections with SES and BMS in non-STEMI patients. 28 In an examination of the vascular responses of the 5-mm proximal and distal reference margins in the present study, the only notable finding was that the reference mean EEM CSA did not decrease distal to PES stents in contrast to BMS.
Several limitations of the present study should be noted. Despite the fact that the HORIZONS-AMI is the largest IVUS multicenter trial completed to date, potential selection bias cannot be excluded. Follow-up IVUS may not be performed in lesions with severe restenosis or in small vessels. Conversely, some investigators may avoid invasive imaging in an asymptomatic patient with a widely patent vessel. Moreover, patients in the IVUS substudy were highly selected; sites had to agree to participate, and only patients in whom study stents were implanted, in whom the procedure was successful and uncomplicated, and in whom no stent thrombosis occurred or coronary artery bypass graft surgery was performed within 30 days were enrolled. Thus, by design, there are major differences between patients included and those not included in the IVUS substudy. Nonetheless, the magnitude of reduction in NIH and the rate of increased late-acquired malapposition with PES compared with BMS were marked and thus likely to represent real findings. Finally, because angiographic and IVUS characteristics were calculated by a per-lesion analysis and clinical characteristics were calculated by a per-patient analysis, some of the tested variables may be correlated.
Conclusions
PES significantly reduced NIH and percent net volume obstruction compared with BMS in patients with STEMI, resulting in lower rates of recurrent ischemia and repeat target lesion revascularization, but PES also more frequently resulted in positive vessel remodeling and late-acquired stent malapposition. Aneurysm formation, stent fracture, and development of subclinical thrombus, although rare, may also be more common with PES than BMS. Ongoing long-term follow-up is required to establish the clinical significance of these findings. 
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